Seismic anisotropy is a powerful tool for detecting the geometry and style of deformation in the Earth's interior, as it primarily reflects the deformation-induced preferred orientation of anisotropic crystals 1, 2 . Although seismic anisotropy in the upper mantle is generally attributed to the crystal-preferred orientation of olivine 3 , the strong trench-parallel anisotropy (delay time of one to two seconds) observed in several subduction systems 4,5 is difficult to explain in terms of olivine anisotropy, even if the entire mantle wedge were to act as an anisotropic source. Here we show that the crystal-preferred orientation of serpentine, the main hydrous mineral in the upper mantle, can produce the strong trench-parallel seismic anisotropy observed in subduction systems. High-pressure deformation experiments reveal that the serpentine c-axis tends to rotate to an orientation normal to the shear plane during deformation; consequently, seismic velocity propagating normal to the shear plane (plate interface) is much slower than that in other directions. The seismic anisotropy estimated for deformed serpentine aggregates is an order of magnitude greater than that for olivine 6 , and therefore the alignment of serpentine in the hydrated mantle wedge results in a strong trench-parallel seismic anisotropy in the case of a steeply subducting slab. This hypothesis is also consistent with the presence of a hydrous phase in the mantle wedge, as inferred from anomalously low seismic-wave velocities 7 . The geometry and strength of seismic anisotropy are generally estimated by measuring shear-wave splitting, which constrains the polarization direction of the fast shear-wave propagation and the delay time between the arrivals of the fast and slow shear-waves. Measurements of shear-wave splitting above the mantle wedge in most subduction zones, including the Japan subduction system, reveal trench-parallel anisotropy 8 , in which the propagation direction of the fast shear-wave is oriented subparallel to the trench. However, the delay time shows marked spatial variations (Fig. 1a) . For example, delay time is ,0.1-0.2 s in northeast Japan 9 and ,1-2 s beneath the Ryukyu arc 4 . We focus here on splitting data collected from local slab earthquakes, because these provide direct constraints on the seismic anisotropy of the mantle wedge.
1
Seismic anisotropy is a powerful tool for detecting the geometry and style of deformation in the Earth's interior, as it primarily reflects the deformation-induced preferred orientation of anisotropic crystals 1, 2 . Although seismic anisotropy in the upper mantle is generally attributed to the crystal-preferred orientation of olivine 3 , the strong trench-parallel anisotropy (delay time of one to two seconds) observed in several subduction systems 4, 5 is difficult to explain in terms of olivine anisotropy, even if the entire mantle wedge were to act as an anisotropic source. Here we show that the crystal-preferred orientation of serpentine, the main hydrous mineral in the upper mantle, can produce the strong trench-parallel seismic anisotropy observed in subduction systems. High-pressure deformation experiments reveal that the serpentine c-axis tends to rotate to an orientation normal to the shear plane during deformation; consequently, seismic velocity propagating normal to the shear plane (plate interface) is much slower than that in other directions. The seismic anisotropy estimated for deformed serpentine aggregates is an order of magnitude greater than that for olivine 6 , and therefore the alignment of serpentine in the hydrated mantle wedge results in a strong trench-parallel seismic anisotropy in the case of a steeply subducting slab. This hypothesis is also consistent with the presence of a hydrous phase in the mantle wedge, as inferred from anomalously low seismic-wave velocities 7 . The geometry and strength of seismic anisotropy are generally estimated by measuring shear-wave splitting, which constrains the polarization direction of the fast shear-wave propagation and the delay time between the arrivals of the fast and slow shear-waves. Measurements of shear-wave splitting above the mantle wedge in most subduction zones, including the Japan subduction system, reveal trench-parallel anisotropy 8 , in which the propagation direction of the fast shear-wave is oriented subparallel to the trench. However, the delay time shows marked spatial variations (Fig. 1a) . For example, delay time is ,0.1-0.2 s in northeast Japan 9 and ,1-2 s beneath the Ryukyu arc 4 . We focus here on splitting data collected from local slab earthquakes, because these provide direct constraints on the seismic anisotropy of the mantle wedge.
The length of the delay time depends on the strength of the anisotropy and thickness of the anisotropic layer. If we consider that seismic anisotropy is caused by the crystal-preferred orientation of olivine, the short delay time recorded in northeast Japan could be explained in terms of a relatively thin anisotropic layer in the mantle wedge 10 , whereas the longer delay time observed in the Ryukyu arc cannot be explained in terms of olivine anisotropy, because the inferred anisotropic layer (,100-200 km) would be thicker than the entire mantle wedge sampled by the local shear wave (Fig. 1b) .
Serpentine has a strong crystallographic anisotropy of shear-wave velocity (A Vs < 82% for lizardite single-crystal 11 ), approximately five times stronger than that for olivine (A Vs of ,18%)
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, and the occurrence of serpentine is expected where water infiltrates into the mantle 13 . Accordingly, one possible explanation of the strong anisotropy observed beneath the Ryukyu arc is the crystal-preferred orientation and northeast Japan 9, 26 . The orientations of bars correspond to the fast polarization direction, and the bar lengths are normalized to the average delay time. b, Relation between shear-wave delay time and required thickness of anisotropic layer, assuming olivine and serpentine as a source. If we use the strength of anisotropy based on experimentally deformed B-type olivine aggregates (A Vs of 4.5%) 6 or highly deformed serpentine (this study; A Vs of 32%), the long delay time (1-2 s) observed in the Ryukyu arc requires an anisotropic layer of thickness 100-200 km in the case of olivine, but only 10-20 km thickness in the case of serpentine. of serpentine 14 . To test this hypothesis, we performed deformation experiments on serpentine under conditions corresponding to the mantle wedge, and analysed the resulting deformation-induced crystallographic preferred orientation of serpentine in terms of its ability to explain the strong trench-parallel seismic anisotropy.
Deformation experiments were carried out at a pressure of 1 GPa and temperature of 300-400 uC at a constant strain rate using a solidmedium apparatus. The starting material of natural antigorite (a high-temperature form of serpentine), which exhibited nearisotropic texture, was sandwiched between alumina pistons cut at 45u from the maximum compression direction, oriented to represent the deformation geometry of simple shear. We made tiny grooves at the interface between the sample and piston to prevent slip during deformation. These materials were surrounded by a nickel jacket, and the oxygen fugacity was buffered by the Ni/NiO reaction. When the pressure and temperature had reached the desired values, a piston was advanced at a constant rate. Shear strain was measured from the rotation of a nickel strain-marker that was initially orientated perpendicular to the shear direction.
The serpentine samples were deformed up to strains of c < 2.0 in a dominantly simple-shear geometry (compressional strain was generally less than 10% of shear strain). The serpentine grains and trails of magnetite became significantly elongated, with stretching axes oriented subparallel to the strain-marker (Fig. 2) . The deformed serpentine showed undulatory extinction, suggesting intracrystalline deformation via dislocation creep, consistent with the results of mechanical creep tests of serpentine 15 . Figure 3 shows the crystallographic orientations of the deformed serpentine grains, as measured using electron backscatter diffraction (EBSD) at the Centre for Instrumental Analysis, Shizuoka University, Japan. Although the starting materials showed at most only a weak crystal-preferred orientation (Fig. 3a) , the deformed serpentines in all experiments are characterized by a strong concentration of [001] axes normal to the shear plane and a relatively weak concentration of [100] axes subparallel to the shear direction (Fig. 3b, c) . At higher strains, serpentine [100] axes are oriented close to the shear direction, whereas at lower strains the [100] maxima are tilted towards the finite strain ellipse (Fig. 3b) . The strong alignment of serpentine (001) planes parallel to the shear plane is consistent with the pattern found in naturally deformed serpentinites 16 . The serpentine fabric produced by the deformation experiments corresponds to seismic anisotropy characterized by a slow propagation direction oriented normal to the shear plane, because the layered crystallographic structure within serpentine (antigorite) results in a much slower seismic velocity propagating perpendicular to the basal (001) plane. Although there is a lack of elastic constants for antigorite because of the complexity of its crystal structure, as a first approximation we calculated the seismic anisotropy corresponding to the deformed serpentine aggregates using the elastic constants for lizardite serpentine 11 , which has a similar crystal structure and elastic properties to those of antigorite. The results reveal a strong seismic anisotropy for the deformed serpentine aggregates, up to 46% of compressional (P)-wave azimuthal anisotropy and up to 32% of shear (S)-wave anisotropy for the highly sheared sample (c < 2.0; Fig. 3e ). These estimates are similar to the results of elastic wave measurements of naturally deformed serpentinites, which reveal a strong anisotropy in the direction normal to foliation (up to A Vs of ,40%) 16, 17 . Kern et al. 16 demonstrated that the magnitude of anisotropy in serpentinite is relatively insensitive to pressure and temperature in the range of ,600 MPa and ,600 uC, although the anisotropy may decrease at higher pressures owing to efficient compressibility along the serpentine [001] axis.
We now apply the above results in explaining seismic anisotropy within a subduction zone setting. In the Ryukyu arc, where the relatively young Philippine Sea plate is subducting beneath the Eurasia plate at a steep angle (,45u) 18 , water is released by dehydration reactions in the subducting crustal material, leading to the formation of serpentine (the main hydrous mineral in the upper mantle) in the overlying mantle wedge. Deformation is primarily induced by the movement of the subducting plate with a dextral sense of shear, and shear strain is accommodated mainly in the regions above the plate interface. In such regions, serpentine [100] axes are oriented parallel to the dip of the slab (shear direction); poles to the (001) plane are oriented normal to the shear plane, and [010] axes are oriented parallel to the trench axis (Fig. 4) . Consequently, a shear wave polarized normal to the trench is much slower than a trench-parallel wave, resulting in polarization of the fast shear wave parallel to the trench axis (trench-parallel anisotropy).
The magnitude of detectable shear-wave splitting in the horizontal plane is approximately half of the maximum shear-wave anisotropy generated across the serpentine basal plane and the other direction, because the slowest [001] axis is tilted 45u from the horizontal plane. This is a minimum estimate of the seismic anisotropy, because the serpentine [001] axes may be slightly tilted towards the continent side of the shear zone, and a greater contribution of the [001] axes within the horizontal plane results in the slower seismic velocity being oriented normal to the trench. Moreover, natural strain can be much larger than that in laboratory experiments, suggesting in turn that the strength of anisotropy might also be much greater in natural systems.
From the above results, we conclude that alignment of serpentine in the mantle wedge results in a strong trench-parallel anisotropy (A Vs < 32%), whereas olivine crystal-preferred orientation produces a much weaker anisotropy (A Vs < 2-5%) 6 , resulting in turn in shearwave splitting with a relatively short delay time. The strong trenchparallel anisotropy observed in other subduction systems, including the Tonga-Kermadec arc 5 , may also result from the serpentine crystalpreferred orientation in association with a steeply dipping slab. , convection driven by crustal delamination 21 , and deformation under water-rich conditions 22 ; however, in these previous models, seismic anisotropy is mainly attributed to the crystal-preferred orientation of olivine. In contrast, we proposed that strong trench-parallel anisotropy with delay time of 1-2 s can result from the crystal-preferred orientation of serpentine in the hydrated mantle wedge. Even if trench-parallel flow is dominant in the forearc mantle 5, 20 , the basal plane of serpentine becomes aligned subparallel to the flow direction, thereby producing a strong trench-parallel anisotropy. In contrast, for mantle corner flow with a shallowly dipping slab, seismic anisotropy becomes weak as a result of a smaller contribution from the [001] axes within the horizontal plane.
Trench-parallel anisotropy has recently been ascribed to the occurrence of serpentine-filled faults in the subducting slab 23 . The poor vertical resolution of seismic anisotropy data 8 means that we cannot test this hypothesis; however, our model predicts that the anisotropy is mainly generated by flow in the mantle wedge, consistent with measurements of local S-waves sampled mostly through the mantle wedge 4 . The spatially variable nature of trench-parallel anisotropy beneath northeast Japan (delay time of 0.1-0.2 s) 9 and the Ryukyu arc (delay time of 1-2 s) 4 may reflect the heterogeneous distribution of serpentine. Serpentinization of the mantle wedge is primarily controlled by the subduction geotherm 24 ; in a relatively warm subduction zone, such as the Ryukyu arc, large amounts of water are released at shallow depths (,40 km) via dehydration reactions that occur in the subducting plate, with the fluids migrating into the overlying mantle and causing extensive serpentinization. In contrast, in cool subduction zones, most dehydration reactions are limited to deeper levels (.100 km) and serpentinization is not expected to occur in the shallow parts of the mantle wedge, such as that beneath northeast Japan.
Seismic tomography reveals an extensive low-velocity anomaly in the mantle wedge beneath the Ryukyu arc 7 , suggesting the occurrence of serpentine, whereas such an anomaly is rarely observed in the forearc mantle beneath northeast Japan 25 . Our model does not resolve the anisotropic source of shear-wave splitting with a short delay time, but our results indicate that a strong trench-parallel anisotropy (delay time of 1-2 s) can be produced by the crystalpreferred orientation of serpentine in a hydrated mantle wedge.
METHODS SUMMARY
Deformation experiments of serpentine were carried out using a solid-medium apparatus at pressure of 1 GPa and temperature of 300-400 uC. We used natural antigorite as a starting material, which shows a nearly random crystallographic orientation. The thin sliced sample (,400 mm thick) was placed into alumina piston cutting at 45u from the maximum compression direction, and the specimen was deformed at constant rates ranging from 1.3 3 10 24 to 2.5 3 10 24 s
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. The samples were quenched rapidly after each experiment by switching off the thermo-controller to freeze the deformation microstructure, and the recovered sample was cut along the compressional direction. Crystal orientation of serpentine was analysed by EBSD in a scanning electron microscope, and the seismic anisotropy corresponding to the deformed serpentine aggregates was calculated using the software written by D. Mainprice. forms in the mantle wedge owing to the infiltration of water expelled from the subducting plate, and deformation is concentrated in a relatively thin layer above the subducting plate. In this layer, the seismically slowest axis in serpentine (c axis) tends to align normal to the plate interface, resulting in a strong trench-parallel anisotropy in the case of steeply subducting slab, such as that beneath the Ryukyu arc.
